Spatiotemporal regulation of gene expression in living cells is controlled by the stability and transport of mRNA, in addition to gene transcription and regulated protein synthesis and degradation. Although intracellular localization of RNA has been determined by in situ hybridization in fixed and permeabilized cells [1] , this method provides only a snapshot image at the time of fixation. In contrast, live-cell imaging allows examination of both distribution and dynamics of mRNAs in cells, and provides new perspectives into the cell biology of mRNA [2] . An increasing number of methods for live-cell RNA imaging have been developed [3] . In the MS2 and its orthogonal systems, a tandem array of repetitive RNA tag is fused to the gene of interest, which can be specifically recognized and bound with high affinity by an RNA-binding protein-green fluorescent protein (GFP) fusion proteins expressed simultaneously [4] . In a more recently developed "spinach system," an engineered RNA aptamer tag switches on the fluorescence of GFP-like fluorophores [5] . Although both methods allow visualization of RNA transcripts in living cells, their use is limited to engineered, non-native mRNA.
Spatiotemporal regulation of gene expression in living cells is controlled by the stability and transport of mRNA, in addition to gene transcription and regulated protein synthesis and degradation. Although intracellular localization of RNA has been determined by in situ hybridization in fixed and permeabilized cells [1] , this method provides only a snapshot image at the time of fixation. In contrast, live-cell imaging allows examination of both distribution and dynamics of mRNAs in cells, and provides new perspectives into the cell biology of mRNA [2] . An increasing number of methods for live-cell RNA imaging have been developed [3] . In the MS2 and its orthogonal systems, a tandem array of repetitive RNA tag is fused to the gene of interest, which can be specifically recognized and bound with high affinity by an RNA-binding protein-green fluorescent protein (GFP) fusion proteins expressed simultaneously [4] . In a more recently developed "spinach system," an engineered RNA aptamer tag switches on the fluorescence of GFP-like fluorophores [5] . Although both methods allow visualization of RNA transcripts in living cells, their use is limited to engineered, non-native mRNA.
A method that is applicable to non-engineered, endogenous mRNAs in living cells would be extremely useful, and several have been developed. One approach uses molecular beacons, whose fluorescence changes upon binding to native mRNA targets [6] . The high designability of this pioneering method for given RNA targets permitted visualization of a wide range of endogenous RNAs in living cells [7] . However several challenges remain: for example, low stability of the beacons in cells produces relatively high background fluorescence. Such drawbacks in molecular beacons have recently been overcome by taking advantages of turn-on probes. For instance, locked nucleotide-enhanced DNAforced-intercalation probes (LNT-enhanced FIT probes) promote their fluorescence only upon hybridization with their cognitive RNAs [8] .
High signal-to-noise ratio and nuclease resistance of the LNT-enhanced FIT probes allowed detection of the dynamics of oskar mRNA in Drosophila melanogaster oocytes. Another recently developed approach uses hybrid proteins that combine split GFP and RNA-binding proteins [9] . This genetically encoded approach has provided valuable information about the dynamics of endogenous RNAs, including mitochondrial RNA encoding NADH dehydrogenase subunit 6. Unfortunately, systematic use of this method has been hampered by the need to design a specific probe for each RNA target. Thus, development of a versatile and robust technique for visualizing endogenous RNA in living cells is of great interest.
We previously described an RNA imaging method in which the fluorescence of a quencher-fluorophore conjugate, BHQ-sulfo-Cy3, is restored in the presence of an RNA aptamer that binds to the quencher BHQ [10] . Application of this method to non-engineered mRNA in living cells was hampered by the lack of the RNA aptamer sequence in endogenous mRNAs, and by low cell permeability of BHQ-sulfo-Cy3 ( Figure S1 ). To improve cell permeability, we removed its acidic sulfate groups. Fluorescence microscopy showed that the resulting BHQfluorophore, conjugate 1 ( Figure 1A) , diffused throughout the cytoplasm in HeLa cells ( Figures S1 and S2 ). Therefore, conjugate 1 was used for further studies.
We exploited the stem-loop structure of the original BHQ-binding RNA aptamer [10] , which is essential for BHQ recognition, to make it responsive to sequences of specific native mRNA ( Figure 1B) . Disruption of the stem formation destabilizes the BHQ-recognition loop, leading to a loss of BHQ-binding activity [10] . This highly sensitive structural property allowed us to design an RNA aptamer responsive to the sequence of an endogenous RNA. The original stem segment of the BHQ aptamer was replaced with two short RNA sequences complementary to a 24-base oligonucleotide in a target RNA. The sequences connect with a 3-base-pair stem segment through U mononucleotide bridges ( Figure S3 ). The resulting RNA-targeting aptamer (RT-aptamer) can only form a BHQ-recognition loop by hybridizing with its complementary RNA. Thus, an RT-aptamer induced a five-fold increase in fluorescence in conjugate 1 in the presence of its cognitive RNA, whereas conjugate 1 was unresponsive to the RTaptamer alone ( Figure 1C ). The RT-aptamer and target RNA enhanced the fluorescence of conjugate 1 in a dose-dependent manner ( Figure S4 ).
Strict sequence-selectivity is essential for live-cell imaging of a specific RNA. To assess selectivity, we examined whether the RTaptamer discriminates three partially complementary RNA oligonucleotides that cannot stabilize the stem-loop structure of the RTaptamer ( Figure S5 ). In contrast to the fully complementary RNA oligonucleotide, none of the partially complementary oligonucleotides with the RT-aptamer restored the fluorescence of conjugate 1. We also examined the effects of point mutations of the complementary RNA oligonucleotide on selectivity ( Figure S6 ). The fluorescence signal of conjugate 1 was highly responsive to single nucleotide changes, Supporting information for this article is available on the XXX particularly in the middle of the cognitive sequence, even though the RTaptamer hybridized with the mutants along the rest of 19-base cognitive sequence. These results suggest that in vitro formation of the stem-loop structure of the RT-aptamer, which is essential for BHQ recognition, is highly dependent on the sequence of the target RNA. To determine whether RT-aptamers are capable of targeting internal sequences of a long mRNA in vitro, we used two mRNAs encoding GFP, in which 3'-UTR was either present or absent ( Figure S7 ). In the presence of an RT-aptamer complementary to an internal 24-base sequence of the 3'-UTR, mRNA carrying the 3'-UTR increased the fluorescence of conjugate 1, whereas mRNA lacking the 3'-UTR had no detectable effect. In contrast, in the presence of a 5'-UTR-targeting RTaptamer, both mRNA models increased the fluorescence of conjugate 1. Thus, RT-aptamers are able to respond to internal sequences of a long mRNA. Based on the in vitro results, we applied the new method to endogenous mRNA in living HeLa cells. For the initial trial, we transfected an RNA expression vector encoding an RT-aptamer complementary to an internal 24-base sequence of the β-actin mRNA (RT-Apt-β-actin), whose localization has been well studied (Figure 2A  and S8A ). This target sequence is known to be a highly effective siRNA site [11] and might exhibit high levels of exposure for hybridization [1a] . To validate the expression and interaction of RT-Apt-β-actin in cells, we purified total mRNAs using an oligo-dT column, twenty-four hours after transfection, and followed the amount of co-purified RT-Apt-β-actin by real-time quantitative reverse transcription PCR (RT-qPCR) experiments (Supplementary Results and Table S1 ). The amounts of RTApt-β-actin were ~18-fold higher than that of a non-targeting aptamer control (RT-Apt-control), suggesting that RT-Apt-β-actin is expressed and bound to mRNA in living cells. Moreover, results of RT-qPCR experiments using total RNA indicated that the expression of RT-Apt-β-actin had no detectable effects on the amount of β-actin mRNA, ruling out the possibility of gene silencing by RT-Apt-β-actin. The second step was addition of cell-permeable conjugate 1 to the cell culture, allowing the use of fluorescence to detect the location of the β-actin mRNA/RT-Apt-β-actin complex. The cells were treated with conjugate 1 twenty-four hours after transfection. Spots of strong fluorescence were observed in the cells expressing RT-Apt-β-actin, whereas only weak background fluorescence was observed in the cells expressing RT-Apt-control ( Figure 2B ). Time-lapse images revealed that the fluorescent spots (mRNA granules) were concentrated around the nucleus and moved relatively freely away from the nucleus (Videos S1 and S2). β-actin mRNA has been demonstrated to be transported along microtubule fibers in cells [12] . Co-staining experiments showed that the mRNA granules were co-localized with and moved along microtubule fibers that were stained with TubulinTracker™ Green (Figures 2C, D and Video S3). The identity of the β-actin mRNA granules was confirmed independently by fluorescence in situ hybridization (FISH) in fixed cells. The fluorescence signals overlapped those of a β-actin FISH probe, which hybridizes at a different site from the site targeted by RT-Apt-β-actin ( Figure S8B) .
Theoretically, the new RNA-imaging method should allow live-cell imaging of any RNA molecules of interest. To validate this versatility, we prepared a library of RT-aptamer expression vectors that specifically targeted 84 genes encoding cytoskeleton-related proteins ( Figure S9 ). The RT-aptamers were designed to target siRNA sites. Each vector was transfected into HeLa cells, and the cells were analyzed under a confocal microscope in the presence of conjugate 1. Ten of the transfected vectors exhibited clear signals, and we focused on the mRNAs of arfaptin-2 (ARFIP2), cortactin (CTTN), and cytoplasmic FMR1-interacting protein 2 (CYFIP2) (Figure 3) . The fluorescence signals overlapped in fixed cells with the fluorescence of a FISH probe for each gene, confirming the identity of the RNA ( Figure S10 ). Time-lapse images of living cells revealed dynamics of the mRNA granules, although different genes showed different numbers of granules (Videos S4-S6). The number of the mRNA granules in cells roughly corresponded to the expression levels of mRNAs indicated by RT-qPCR ( Figure S11 ): mRNAs with high expression levels tended to be more visible.
The present study developed a new, versatile and easy-to-use method for live-cell imaging of endogenous RNAs. A common problem in the detection of endogenous mRNAs in living cells is inaccessibility of target sites, making it difficult to design suitable probes [13] . Accessibility to mRNA sites is not predictable from their nucleotide sequence information, due to the potential formation of complex secondary and tertiary structures, and tight association with RNA-binding proteins [14] . The method reported here is limited by this inaccessibility. We encountered this problem when we designed RT-aptamers for GFP mRNA: RT-aptamers that target 5'-terminal region of 5'-UTR and 3'-terminal region of 3'-UTR, which are likely to form a stable secondary structure, failed to fully restore the fluorescence of conjugate 1 ( Figure  S7 ). However, the new method should be able to overcome this limitation by designing and screening a series of multiple RT-aptamers that target various sites.
Background signals, induced by binding to false or partially complementary targets in cells, are another complication of methods using oligonucleotide-hybridization probes [8] , including molecular beacons. Dual FRET linear probes [15] and dual FRET molecular beacons [16] have been developed to improve the signal-to-noise ratio. Our non-FRET method displays relatively high sequence-selectivity and signalto-background ratio, because of the dependence of the signal on a structural transition: when an RT-aptamer hybridizes with false targets, the RT-aptamer fails to form the BHQ-recognition loop structure.
The new method offers advantages: (i) a sequence-selective RTaptamer can easily be designed for a given mRNA target, (ii) RTaptamers can be expressed in cells using basic cell biology techniques, (iii) a small molecule can simply be added to the sample at any time point, and (iv) high stability of the small molecule allows observation over relatively long periods of time. However, the method does require relatively high expression levels of the target mRNAs. Further optimization of the new method might increase sensitivity and permit detection of low-abundance transcripts. For example, signal intensity could be enhanced by employing multiple RT-aptamers that target a single RNA transcript. Overall, the present study successfully demonstrates a small molecule-based method that permits spatiotemporal imaging of specific native RNAs in living cells. 
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